IMPORTANCE Different screening strategies for breast cancer are available but have not been researched in quantitative detail.
P opulation-based organized breast cancer screening has increased worldwide based in part on supporting evidence of the efficacy of mammography screening observed in randomized clinical trials conducted between 1970 and 1990 [1] [2] [3] and in part on the significant global increase in breast cancer incidence. In Taiwan, the incidence rate of breast cancer doubled from 30 per 100 000 in 1995 to 59 per 100 000 in 2003. 4 Since population-based, organized service screening programs are influenced by cultural-specific factors, the infrastructure of the health care system, and economic concerns over limited resources, different approaches to breast cancer screening have been implemented, including clinical breast examination (CBE), risk-based mammography screening, and universal mammography screening. Most evaluations of mass screening for breast cancer have focused on a single detection method, and very few studies have been conducted to address comparisons of benefits and harms across different detection methods, especially in the same population. Although universal mammography screening is the most widely adopted approach to population-based screening, comparative effectiveness research focused on different screening strategies is still important owing to the enduring debate over the value of mammography screening. While some systematic reviews have concluded that mammography screening is associated with a 20% to 25% reduction in breast cancer deaths, 1,5-10 other reviews claim that there is no benefit [11] [12] [13] [14] [15] [16] [17] and also express concerns that universal mammography screening leads to significant harms, specifically overdiagnosis, sometimes called overdetection of breast cancer. These claims have caused health care decision makers to face some uncertainty regarding whether universal mammography screening is the best way to screen for breast cancer. We conduct a large, population-based cohort study to clarify concerns about limited benefits and excessive harms and to explore the possibility of alternative approaches to reduce avoidable deaths from breast cancer and also to help health care policy makers to determine the best screening strategy. The aim of this study is to present basic background information, screening performance data, and outcomes of each screening program, and to compare effectiveness in reducing advanced stages of breast cancer, death from breast cancer, and the estimates of overdiagnosis associated with each screening strategy.
Methods
The study was certified as exempt from institutional review board review by the Research Ethics Committee of the National Taiwan University Hospital, also waiving written informed consent.
Participants Experiencing 1, 2, or All 3 Screening Programs
To evaluate and compare the effectiveness of 3 screening programs (annual CBE, risk-based biennial mammography based on qualifying questionnaire results, and universal biennial mammography), we classified 1 429 890 women involved with the Taiwanese breast cancer mass screening programs in chronological order from 1999 to 2009, identifying 7 types of screening history ( Figure) . Three patient groups underwent only a single screening method, including only CBE (group 1, n = 641 735); only risk-based mammography (group 2, n = 126 698); and only universal mammography (group 3, n = 350 514). Three groups underwent 2 screening methods, including risk-based and universal mammography (group 4, n = 56 082), CBE and universal mammography (group 5, n = 139 307); and CBE and risk-based mammography (group 6, n = 67 112). Finally, 1 group underwent all 3 screening methods (group 7, n = 48 442). These groups are all illustrated in the Figure.
Annual CBE for Breast Cancer
The first large-scale outreach screening program for breast cancer used annual CBE. The detailed results have been published previously. 18 Table 1 .
It should be noted that women participating in the CBE screening program could subsequently undergo risk-based and/or universal biennial mammography screening (subgroups A, B, and D in the Figure) . They would, of course, be older when participating in the later programs. We therefore included women aged 40 to 69 years at the time of study entry but made adjustments for year of birth and propensity score in the subsequent analysis to render the comparison of effectiveness across the 3 screening methods as valid as possible.
Risk-Based Biennial Mammography Screening
The second population-based screening program was a riskbased biennial mammography screening program. 19 The reasons for adopting a risk-based strategy were the low breast cancer incidence rate in Taiwan at that time (2002) (2003) (2004) and
Key Points
Question What are the additional benefits and harms of risk-based mammography screening and universal mammography screening over clinical breast examination?
Findings In this cohort study of more than 1.4 million Taiwanese women, universal mammography was associated with a significant reduction in breast cancer mortality by 41% and resulted in overdiagnosis of 13%.
Meaning In countries with low but increasing breast cancer incidence, population-based mammography screening based only on age and sex is effective in reducing breast cancer mortality and does not result in significant overdiagnosis. The numbers of individuals with different breast cancer screening histories over 3 consecutive screening periods: group 1, only annual clinical breast examination; group 2, only risk-based biennial mammography screening (ie, questionnaire and mammography); group 3, only universal biennial mammography; group 4, risk-based screening and universal biennial mammography; group 5, clinical breast examination and universal biennial mammography; group 6, clinical breast examination and risk-based screening; and group 7, all the 3 screening methods. Subgroups A through D represent repeated screenings in the respective programs; the dashed line represents no participation in a screening program during the period. In the second stage, women with risk scores higher than the median value of the underlying population were referred to undergo biennial mammography screening, with results coded according to the American College of Radiology BI-RADS system. 20 The detailed results on positive findings from the first stage of screening using the questionnaire are listed in Table 1 . The confirmatory diagnosis of breast cancer after mammographic examination followed routine clinical diagnostic workup. Breast cancers among women with risk scores lower than the median cutoff were ascertained through linkage to the nationwide cancer registry during the follow-up period until the end of 2009.
Universal Biennial Mass Screening With Mammography
Between 2004 and 2009, a universal mammography screening program was implemented by inviting a total of 594 345 women aged 50 to 69 years to biennial screening. The subcohorts of these participant illustrated in the Figure consist only of women undergoing universal biennial mammography (group 3, n = 350 514); women undergoing 2 screening methods, riskbased and universal biennial mammography (group 4, n = 56 082) and CBE and universal mammography (group 5, n = 139 307); and women experiencing all 3 screening methods (group 7, n = 48 442). These women made up 26% of 2 265 208 eligible women in that age bracket. Of women attending the first screening, approximately 19% (112 216/594 345) of participants had at least 1 repeated screen during the 6-year period. The confirmatory diagnosis and complete ascertainment of in situ and invasive breast carcinoma in this program were performed as they were in the preceding programs.
Detection Methods and Follow-up
Individual screening records were kept in the central screening registration online system and included information on demographics, basic screening findings, and confirmatory results. In situ and invasive breast cancers identified in the national cancer registry among participants who were not screen detected shown in the screening registry were considered interval cancers. Date of death and cause of death were obtained from the national death registry for the evaluation of breast cancer mortality with different screening histories. All records were linked to the national cancer registry and the national death registry up to the end of 2009 by delimiting the unique personal identification number to protect individual confidentiality.
Information Collection
In the first CBE program, all participants had their anthropometric measurements taken by trained public health nurses and were asked to complete a questionnaire with information on their history of menstrual and reproductive factors and family history. Similar information was also requested for the risk-based and the universal screening program.
Statistical Methods
Descriptive analyses of basic screening characteristics are provided in the eAppendix and eTable 1 in the Supplement. To adjust for potential selective survival bias, rising from the fact that women who were able to participate in 2 or more screening methods had to survive to the period of the subsequent programs, the detection modality of each screening program was considered as a time-dependent covariate in a Cox proportional hazards regression model. The analytic framework for this model is provided in the eAppendix and eFigure 1 in the Supplement. Moreover, as this study was observational rather than a randomized clinical trial, a disparity in baseline risk factors related to occurrence of breast cancer (such as age at first full-term pregnancy) was possible (see eTable 2 in the Supplement). To account for this potential bias, propensity scores based on a constellation of conventional risk factors (eg, age at menarche, age at menopause, parity, breast feeding, body mass index) was developed to reflect the probability of being assigned to each screening method (eTable 3 in the Supplement) and adjusted for as a covariate in the time-dependent Cox proportional hazards regression model. 21, 22 Under the stratification of 2 propensity scores (attending risk-based and the universal biennial screening programs), the characteristics of the participants in the 3 screening programs tended to be similarly distributed (eAppendix and eTables 4 and 5 in the Supplement). The propensity score method not only adjusted for the selection bias across 3 screening methods, but also reduced the number of covariates from 41 to 2 (propensity probability/decile) in the Cox time-dependent proportional hazards regression model. A 2-sided P < .05 was considered statistically significant. All analyses were conducted with SAS software, version 9.3 (SAS Institute). Table 1 summarizes the basic findings from the 3 screening programs. The details of each indicator, with the exception of the detection rate, are described in the eAppendix in the Supplement. Age-specific findings with 5-year brackets across the 3 screening programs were similar and are reported in eTable 1 in the Supplement. Overall, the detection rates (prevalent screenings and subsequent screenings per 1000) were highest for universal biennial mammography (4.86 and 2.98, respectively), followed by risk-based biennial mammography (2.80 and 2.77, respectively) and lowest for annual CBE (0.97 and 0.70, respectively). Similar rankings were noted for positive predictive value (Table 1) . Table 2 summarizes the TNM stage distribution for the 3 screening programs. There was a clear downstaging shift for universal biennial mammography, but only a negligible shift was observed in the risk-based screening program compared with CBE.
Results

Screening Findings
Stage Shifting Resulting From Screening
Overdiagnosis Associated With Mammography Screening
We compared the cumulative incidence of breast cancer cases in the 3 screening programs. Compared with those who par- Table 3 lists the hazard ratios (HRs) of universal biennial mammography and the risk-based screening compared with CBE by a time-dependent Cox regression model with and without adjustment for propensity score (probability/decile) and year of birth. The crude HR of breast cancer deaths for the universal biennial mammography screening after adjusting for birth year was only 0.67 (95% CI, 0.54-0.82), indicating a 33% mortality reduction. The mortality reduction was 41% (95% CI, 27%-52%) for the universal biennial mammography screening after adjusting for propensity score and year of birth. A similar finding (38%; 95% CI, 24%-50%) was noted when the decile of propensity score was used. The mortality reduction was not significant for the risk-based biennial mammography screening compared with CBE. Model selection with the Akaike information criterion (AIC) 25 shows that the model including the continuous propensity score (AIC = 25 301) was superior to the one that did not adjust for propensity score (AIC = 25 329) and to the one that adjusted the propensity score in deciles (AIC = 25 311).
The crude HR for incidence of stage II+ breast cancer was 0.82 (95% CI, 0.78-0.87) for universal biennial mammography screening compared with CBE. The figures with adjustment for propensity score were 0.70 (95% CI, 0.66-0.74) and 0.73 (95% CI, 0.69-0.77) for the continuous probability and decile of propensity score, respectively. A smaller reduction in stage II+ was found for risk-based mammography screening (Table 3 ).
Discussion
Our study provides evidence on the relative benefits and harms of 3 screening strategies for breast cancer in Taiwan. Our findings suggest that universal biennial screening yielded the largest benefit, reducing mortality from breast cancer by 41%, and that risk-based screening failed to yield a significant benefit compared with CBE. Overdiagnosis from mammography screening was, at worst, modest.
The significant mortality reduction revealed in this study supports the use of mammography for mass breast cancer screening in a country with a low but increasing trend in breast cancer incidence. Our findings are in contrast to the view advanced by some that there is little benefit from mammography screening [13] [14] [15] [16] and are consistent with the supporting view of the benefits of mammography screening reported in most systematic reviews and meta-analyses. 6, 7, 9, 26, 27 The conflicting opinions in this enduring debate may not be as relevant to Asian countries because the context is dif- While concerns of overdiagnosis have been raised when small breast tumors are detected, this problem is not serious in the current findings, with overdiagnosis rates estimated at only 13% for the universal biennial screening program, with an adjustment of only 3 years for lead time. Moreover, breast cancer awareness is low and downstaging of breast cancer is still limited in Asian countries, which may account for why universal biennial mammography screenings resulted in a substantial mortality reduction from breast cancer. The marginal benefit is more easily achieved when mammography screening is new and relatively uncommon.
This analysis has 2 important limitations. First, follow-up time, particularly for the universal biennial mammography screening program, may be too short to yield an unbiased estimate. Long-term follow-up is required for the confirmation of the estimate of the effectiveness of biennial mammography screening in the current study. Second, it is reasonable to infer that some of the mortality reduction may be attributed to improvements in treatment, but we did not have individual information on treatment and therapy. However, to address this possibility, we compared the survival of 2 refuser groups (ie, those who did not attend CBE or universal biennial mammography screening) and found the survival of the refuser group in universal biennial mammography screening (83%) was better than that of the CBE (77%). Based on these survival figures, we translated the improvement in survival during this period likely attributable to improvements in treatment to the outcomes used in the time-dependent Cox proportional hazard regression model. In doing so, we found that the improvement in treatment accounted for 5% of the observed mortality reduction (adjusted HR inflated from 0.59 to 0.64 after adjusting for treatment effect). Thus, while improvements in treatment account for some of the benefit we observed, most is attributable to the benefit of mammography in downstaging breast cancer.
The implications for the generalizability of our findings to the countries worldwide are 2-fold. First, our finding on universal biennial mammography screening are similar to breast cancer mortality reductions observed in in some Western randomized clinical trials. 8, 30 In addition, recent evaluations of breast cancer service screening programs such as the PanCanadian study 27 reported findings similar to our estimated results for universal biennial mammography screening. Our findings also confirm that mammography screening with good quality control is reproducible in organized breast cancer service screening programs implemented in countries with low or intermediate incidence but increasing incidence trends. Our findings on overdiagnosis also indicate that little harm is caused by universal biennial mammography screening. These findings are consistent with previous studies with adjustment for lead time but at odds with the highly elevated estimates of overdiagnosis attributable to mammography screening when there has been no adjustment for lead time. 23 
Conclusions
In conclusion, our evaluation of benefits and harms of breast cancer screening with 3 screening methods in a large population-based cohort in Taiwan shows that universal biennial mammography was the most effective strategy for detecting breast cancer early: it achieved a 40% mortality reduction through the reduction in stage II+ disease. In contrast, implementation of risk-based mammography screening, while seemingly pragmatic in the presence of limited resources, resulted in only a small benefit compared with CBE. Universal biennial mammography screening also was associated with only a modest level of overdiagnosis. The results of this comparison of different screening approaches applied to the same population should be informative to health policy makers seeking to determine if and how they might initiate breast cancer screening programs.
